from an apoenzyme using two FeGP cofactor mimics to create semi-synthetic enzymes. The small molecule mimics reproduce the ligand environment of the active site, but are inactive towards H 2 binding and activation on their own. We show that reconstituting the enzyme using a mimic containing a 2-hydroxy pyridine group restores activity, whilst an analogous experiment with a 2-methoxy-pyridine complex was essentially inactive. These findings, together with DFT computations, support a mechanism in which the 2-hydroxy group is deprotonated before serving as an internal base for heterolytic H 2 cleavage.
Table of content summary
[Fe]-Hydrogenase has an iron-guanylylpyridinol cofactor and catalyzes the reversible hydrogenation of a methenyl-tetrahydromethanopterin. We reconstituted [Fe]-hydrogenase using cofactor mimics. The enzyme containing the mimic with a 2-hydroxy-pyridine group was active, while that containing a 2-methoxy-pyridine group was inactive. This result, together with DFT computations, supports a catalytic mechanism involving the deprotonated pyridinol hydroxy group as proton acceptor. Robust, efficient, and inexpensive catalysts must be developed, for which nature provides intriguing design principles. In the microbial world, H 2 is produced and utilized in energy metabolism, with the corresponding reactions being catalyzed by hydrogenases 1 . The three known types of hydrogenases commonly catalyze reversible cleavage of H 2 to a proton and a hydride ion as an initial step. Two of the hydrogenases contain a dinuclear metal centre, either
[NiFe] or [FeFe] , and further catalyze the extraction of two electrons from the hydride 2, 3 . The and the isolated FeGP cofactor 4, 6, 8 . The iron centre of the FeGP cofactor is coordinated to two cis-CO ligands, the acyl carbon and pyridinyl nitrogen atoms of a pyridinol ligand, and a cysteine sulphur atom (Fig. 1b) . The Guanosine monophosphate (GMP) moiety of the FeGP cofactor significantly contributes to binding of the cofactor to the enzyme (Fig. 1c were used for reconstitution. To dissolve 3 and 4 in aqueous solutions, these compounds were first dissolved in 99% methanol containing 1% acetic acid, in which they were probably converted to 3i and 4i, respectively.
A number of complexes modelling the active site of [Fe]-hydrogenase have previously been synthesized [11] [12] [13] [14] [15] [16] [17] . Recently, we prepared complexes 1 and 2, which reproduce the key features of the active site including the complete donor set, the unusual acylmethylpyridinyl ligation, and in the case of 2, the hydroxy group at the second coordination sphere (Fig.   2 ). 12, 13 According to the infrared (IR) spectra, both model complexes have Supplementary Fig. 1 ).
It was found that binding of H 2 is about 43 and 49 kJ/mol uphill for complexes 1 and 2, respectively, while the splitting of H 2 has a further barrier of 66 and 53 kJ/mol. 26, 27 The overall barrier of more than 100 kJ/mol is consistent with the inactivity of 1 and 2 towards H 2 activation. On the other hand, the enzymatic reaction has a barrier of about 50 kJ/mol. 28, 29 Given that the FeGP cofactor is only active when bound in the enzyme, we hypothesized that the inactivity of model complexes 1 and 2 arises from the lack of a protein environment. If these complexes could be placed in the same protein environment as the FeGP cofactor, they might become catalytically active. This reasoning was inspired by the recent reports of the reconstitution of highly active [FeFe]-hydrogenase from apoenzyme and less active synthetic models. [30] [31] [32] Here, we report the successful incorporation of model complexes into the [Fe]-hydrogenase apoenzyme, which leads to new insights into the mechanism.
Results.
Reconstitution using complex 3. In [Fe]-hydrogenase, the active site is covalently bound to the protein only through the cysteine 176 group. Our strategy for reconstitution is to substitute a labile ligand of a mimic with cysteine176 of the apoenzyme. Analogous ligand substitution chemistry was previously reported for the model complexes. 12, 13 Complexes 1 and 2 were prepared in this manner from precursors 4 and 3, respectively (Fig. 2) . As 2 is the most faithful mimic, we started the reconstitution using complex 3. Water-insoluble 3 was dissolved in 99% methanol containing 1% acetic acid (methanol/acetic acid), in which 3 was probably converted to intermediate 3i, as revealed by the IR spectrum after solvent evaporation (Fig.3 ). This IR spectrum resembled that of the FeGP cofactor extracted with acetic acid (Fig. 3 ) 22 , which shows the presence of only two CO ligands, indicating that dissolution in methanol/acetic acid leads to the loss of one CO ligand in 3. Both CO stretching frequencies of 3i were slightly higher than those of the FeGP cofactor extracted with acetic acid, which is consistent with the lack of electron-donating GMP and methyl groups in 3i. The IR spectrum of 3i is very similar to that of the isolated iron acetate complex formed upon the reaction of 3 with silver acetate 13 . To reconstitute the holoenzyme, an excess amount of The apparent K m values for methenyl-and methylene-H 4 MPT are similar to that of the native enzyme ( Supplementary Fig. 2 ) 29 . The apparent K m for H 2 was substantially higher than that of the native enzyme ( Supplementary Fig. 3 ). The optimal pH for the H 2 -producing activity was lower than that of the native enzyme ( Supplementary Fig. 4 ). The reconstituted enzyme was inhibited by p-toluenesulfonylmethyl isocyanide, a strong specific inhibitor of [Fe]-hydrogenase 36 , but the inhibition constant (K i = 30 nM) was higher than that of the native enzyme (K i = 1 nM). The enzyme reconstituted in the presence of 2 mM GMP exhibited approximately a two-fold higher specific activity than in the absence of GMP ( Supplementary   Fig. 5a ). The addition of GMP after incorporation of 3i also increased the activity roughly two-fold. The addition of other nucleoside monophosphates (i.e. AMP, CMP and UMP) into the reconstitution solutions did not affect the activity of the reconstituted enzyme. Maximal reconstitution of the active holoenzyme took 1 h (Supplementary Fig. 6 ). Kinetic profiles of the complex incorporation were similar in the absence and presence of GMP.
The stoichiometry of the complexes was determined using peak area ratios of the CO and protein-amide II bands in the IR spectra of the reconstituted enzymes (Supplementary Table 1 ). These data indicated that the occupancy of 3i in the reconstituted enzymes with
GMP was approximately 50%. Based on the stoichiometric data, the specific activity of the reconstituted [Fe]-hydrogenase should be two times higher than described above. 5a ). Thus, the presence of GMP apparently leads to improved binding of model complex with the apoenzyme.
In the native holoenzyme the iron is coordinated by cysteine 176. A C176A mutant apoenzyme was then used for reconstitution with 3i. The IR spectrum in the absence of GMP exhibits many peaks in the region where CO vibrations occur (Fig. 5b) . Adding GMP did not significantly reduce the number of CO bands, or convert the spectrum into two major peaks (Fig. 5b) , as was the case for reconstitution using the native holoenzyme. In all cases, the ratio of 3i to protein was around two-fold (Supplementary Table 1 ). These data suggest that 3i was either unspecifically bound to the C176A mutant apoenzyme, or was bound in the active site but with a different coordination environment than that of the native enzyme due to the absence of the Cys176 thiolate ligand. The reconstituted C176A enzymes with 3i in the presence and absence of GMP showed no enzyme activity. This result is consistent with the previous finding that the C176A enzyme reconstituted with the FeGP cofactor is inactive. 38 In the latter case, the FeGP cofactor is coordinated to an exogenous dithiothreitol ligand, which is required to stabilize the cofactor. In the current case, the iron centre is probably coordinated to an acetate ligand present in the reaction medium. Thus, cysteine 176 is important for the correct binding of the FeGP cofactor or 3i in the active site, which is required for activity. The spectra also suggest that the presence of GMP leads to improved binding of 3i to the apoenzyme, and cysteine 176 is important for the correct binding.
Reconstitution using complex 4. Recent studies suggest that the 2-hydroxy group of the pyridinol ring of the FeGP cofactor might be important for H 2 activation 39, 40 . To directly test the importance of the hydroxy group, we used compound 4, which has a 2-methoxy group at the pyridine ring for the reconstitution of [Fe]-hydrogenase (Fig. 2) . When dissolved in methanol/acetic acid, compound 4 was partially converted to 4i, revealed by an IR spectrum with two broad CO bands at 2019 and 1967 cm -1 (Fig. 5c ). (Fig. 5a ). The positions of the shoulder peaks are similar to those of unbound 4i (Fig. 5c ), indicating that a small amount of 4i was unspecifically bound to the The activity of the 4i-reconstituted protein was less than 0.01 U/mg in both catalytic reactions, which is at the detection limit of the enzyme assay. This finding indicates that 2-hydroxy group is crucial for reconstitution of the active enzyme.
DFT computations.
The electronic properties of model complexes containing the 2-OH and 2-OMe groups are similar according to their IR spectra. 12,13 DFT computations also indicate that the energy barriers for H 2 binding and cleavage are similar for complexes 1 and 2, if heterolytic H 2 cleavage involving the thiolate ligand is considered ( Supplementary Fig. 1 ).
Thus, the dramatic difference in the activity of semisynthetic enzymes incorporating 3i and 4i
points to a different mechanism. Unlike the methoxy group, the hydroxy group can be deprotonated to form a strong base. In [FeFe]-hydrogenase, the amine nitrogen in the azadithiolate bridge acts as an internal base for heterolytic H 2 cleavage. 30 It is possible that the OH group in the FeGP cofactor, as well as in 3i, is deprotonated and functions similarly to the amine base in [FeFe]-hydrogenase. This possibility was previously suggested by theoretical studies. 23, 40 To further explain experimental observations, we employed DFT computations to compare two mechanisms using complex 5 in which the tert-butyl thiolate group of 2 is replaced by a smaller methyl thiolate ligand, which is a better mimic of the natural cysteine ligand (Fig. 6) . One mechanism involves thiolate as the proton acceptor, while the other mechanism involves the deprotonated OH group as the proton acceptor. Considerations of various mechanistic pathways are described in Supplementary Figs The highest point of the potential energy surface is 59 kJ/mol. Given the accuracy of DFT, this calculated energy barrier is in good agreement with the activity of the semisynthetic enzyme reconstituted from 3i. Therefore, DFT computations clearly show that deprotonation of the 2-hydroxy group leads to an experimentally feasible catalytic cycle.
Cleavage of GMP.
To test the effect of the GMP moiety on the function of the FeGP cofactor, the native cofactor was anoxically digested by phosphodiesterase I from Crotalus adamanteus venom at pH 8.9 in the presence of 1 mM 2-mercaptoethanol. Digestion of the FeGP cofactor was traced by UV-Vis measurements ( Supplementary Fig. 9 ). The spectral change completed within 10 min in this assay, indicating that the FeGP cofactor was completely digested within 10 min under these reaction conditions. To verify the hydrolytic cleavage of the GMP moiety, the digested sample was decomposed with light and the masses of the decomposition products were determined by Matrix-assisted laser desorption/ionization mass spectrometry. In the mass spectrum, the peaks of the predicted decomposed product Table 1 ). Assuming that the enzyme-digested cofactor is solely responsible for the activity (although the possibility of a trace amount of native FeGP cofactor in the enzyme is hard to rule out), the specific activity of the GMP-less native enzyme is 20 U/mg, which is a 10-fold decrease compared to the wild enzyme, but a 5-fold increase relative to the enzyme reconstituted with 3i. This result is consistent with the significant roles of the GMP and the two methyl groups of the guanylylpyridinol ligand.
Discussion.
We successfully constructed an active [Fe]-hydrogenase from an apoenzyme and 3i. This "semisynthetic" enzyme exhibited a higher turnover frequency than most known synthetic hydrogenation catalysts. 34, 35 The iron centre in this reconstituted enzyme is most probably coordinated in the same manner as the iron ion in native [Fe]-hydrogenase, namely by one cysteine sulphur atom, two CO ligands, and the acyl carbon and pyridnyl nitrogen atoms of the 2-hydroxypyridinol ligand, as indicated by the IR spectrum (Fig. 5a ). This ligand environment is nearly identical to that of complex 2. Until now, all model complexes, Supplementary Fig. 12 ) 4, 8, 10 . Therefore, the possibility of substantially different orientations of 3i and 4i in the reconstituted enzyme is unlikely. To account for the significantly different activity of the two semisynthetic enzymes, an alternative explanation is proposed, in which the hydroxy group is deprotonated and then functions as an internal base for heterolytic cleavage. DFT computations show this mechanism possesses a much lower activation barrier than the alternative mechanism in which the cysteine thiolate ligand serves as a proton acceptor. While some elements of the new mechanism were previously proposed, 23 10 . Alternatively, as suggested by Reiher and co-workers in their DFT computations, the His14 group, which is located near the 2-hydroxy group, might play a role in modulating the pK of the 2-hydoxy moiety. 40 The lower catalytic activity of the semisynthetic [Fe]-hydrogenase relative to the native enzyme may be due to the differences in 2-pyridinol ring substitution. The 3-and 5-methyl groups in the native cofactor will affect the electronic properties of the pyridinol nitrogen via their electron-donating effect. The 4-phosphate ester group will also affect the pK of the pyridinol nitrogen and could additionally contribute to cofactor binding 4 . The guanosine moiety of the 4-substituent contributes to the correct binding of the cofactor to the protein through an induced fit, consistent with the finding that in the presence of GMP the IR spectrum of the bound mimic sharpened (Fig. 5a ) and the catalytic activity increased ( Supplementary Fig. 5 ). The importance of the GMP moiety for the reconstitution of the active enzyme was also indicated by the enzymatic digestion study described above. Despite these differences, the activation energy for the semisynthetic [Fe]-hydrogenase reported here is only ~12 kJ/mol higher than the optimized native enzyme.
The reconstitution method developed here is general and can be applied to incorporate FeGP cofactor. Therefore, the reconstituted enzyme solution was kept on ice during the experiments and used within several hours under dark conditions. For long-term storage, the reconstituted enzyme was shock-frozen in liquid nitrogen and stored at -75 °C. For IR spectroscopy, the reconstituted enzyme solution was concentrated to ~50 µl in a Millipore centrifuge concentrator with a 30-kDa cut-off ultra-filter. Then, the concentrated solution was diluted more than ten-fold with anoxic water containing 2 mM GMP, and then concentrated again to 2-3 mM reconstituted enzyme with 2mM GMP. The sample without GMP was diluted with anoxic water in the absence of GMP and then concentrated. In the case of reconstitution in the absence of GMP, GMP was omitted throughout the experiments. For reconstitution with 4i, 6.0 µl of 10 mM 4i solution was added anoxically into a 0.25 ml solution containing 100 mM sodium acetate (pH 5.6), 0.5 mM apoenzyme, and 2 mM GMP (final concentrations) on ice and quickly and thoroughly mixed; the final concentrations of 4i and the apoenzyme were 0.5 mM. After incubation on ice for at least 1 hour, the reconstitution mixture was used for the catalytic activity assays. For IR spectroscopy, the reconstituted enzyme solution was concentrated to ~20 µl in a Millipore centrifuge concentrator with a 30-kDa cut-off ultra-filter. Then, the concentrated solution was diluted more than ten-fold with anoxic water containing 2 mM GMP, and then concentrated again to Typically 512 spectra were co-added to obtain a sufficient signal-to-noise ratio. 
